Although cancer progression is often associated with genome rearrangements, little is known about the detailed genomic architecture of tumor genomes. The attempt to reconstruct the genomic organization of a tumor genome recently resulted in the development of the End Sequence Profiling (ESP) technique, and the application of this technique to human MCF7 tumor cells. We formulate the ESP Genome Reconstruction Problem, and develop an algorithm to solve this problem in the case of sparse ESP data. We apply our algorithm to analyze human MCF7 tumor cells, and obtain the first reconstruction of the putative architecture of human MCF7 tumor genome. Our results assist in the ongoing ESP analysis of MCF7 tumors by suggesting additional ESP experiments for the completion of a reliable reconstruction of the MCF7 tumor genome, and by focusing BAC re-sequencing efforts.
INTRODUCTION
Human cancer cells frequently possess large-scale chromosomal rearrangements. For example, in chronic myeloid leukemia, a chromosome 9;22 translocation causes the ABL gene on chromosome 9 to be brought under the regulation of the promoter of the BCR gene on chromosome 22 (Heisterkamp et al., 1983) . Many such rearrangements have been catalogued (Mitelman et al., 2003) , and the changes in gene structure and regulation caused by individual rearrangements have been intensively studied (Rowley, 1998) . Recently, Sankoff et al. (2002) undertook the first computational analysis of individual rearrangements implicated in cancer.
Solid tumors are often associated with multiple (rather than single) chromosomal rearrangements. However, little is known about the detailed genomic architecture of tumor genomes, and the rearrangement scenarios associated with tumor genomes beyond information about some single reversals (also called inversions), translocations, fis- * To whom correspondence should be addressed. sions, and fusions. A variety of experimental techniques have been developed for the study of chromosomal rearrangements, including fluorescent in situ hybridization (Pinkel et al., 1988; Thompson and Gray, 1993) , chromosome painting (Jauch et al., 1992) , spectral karyotyping (Schröck et al., 1996) and comparative genome hybridization (Kallioniemi et al., 1992) . However, the low resolution of these techniques is often a bottleneck in deriving the accurate architecture of a tumor genome. Genomescale resequencing of a tumor genome would provide the ultimate dataset for cancer mutation and rearrangement studies; for example, a recent sequencing of a 3.2 MB region from 12 sporadic colon cancer cell lines revealed high mutation rates in this area (Wang et al., 2002) . However, this region is too short for comprehensive rearrangement studies, and it is currently infeasible to sequence an entire tumor genome in view of the high cost of mammalian genome sequencing. It is believed that cancer is manifested in both increased single nucleotide mutation rates and increased rate of genome rearrangement (Loeb et al., 2003) . Therefore, alternative technologies are sought for low-cost but high resolution mapping of tumor genome architectures and the associated analysis of genome rearrangements.
End Sequence Profiling (ESP) of a tumor genome is a recently developed experimental technique for rapid assessment of rearrangements in tumor cells . ESP provides a balance between imprecise, but inexpensive technologies such as chromosome painting, and accurate, but expensive, genome sequencing. The ESP technique involves the construction of a BAC library for the tumor genome (the rearranged genome), the sequencing of the ends of BACs, and the mapping of end sequences to the human genome (the reference sequence). The technique has recently been applied to the first comprehensive rearrangement study of human MCF7 tumor cells .
ESP follows the standard laboratory protocols for construction of a BAC library and the sequencing of BAC ends. The BAC end sequences (BES) are then mapped to the reference sequence using an algorithm such as BLAST (Altschul et al., 1990) . Typically, a BAC with insert size L will correspond to a pair of BAC end sequences (BES pair) separated by distance L in the reference genome. However, a BAC located in a region containing rearrangement breakpoints will result in a BES pair with locations in different parts of the reference genome-possibly on different chromosomes. We refer to such BACs as composite BACs. Each composite BAC suggests a rearrangement breakpoint internal to the composite BAC in the rearranged genome. For example, a single BAC whose ends map to different chromosomes in the reference genome suggests that a translocation occurred between these chromosomes in the rearranged genome. In this paper, we focus on the use of the mapped BES pairs to reconstruct the architecture of an entire tumor genome.
The analysis of rearrangements based on locations of BES pairs is complicated by the presence of chimeric BACs in the BAC library. Chimeric BACs are produced by joining of two non-contiguous regions of DNA, and ESP data are expected to have a significant number of chimeric BACs. Similar to composite BACs (containing the rearrangement breakpoints), the end sequences of chimeric BACs also map to widely separated regions of the reference genome. However, chimeric BACs are artifacts, rather than signs of real rearrangements. Therefore, chimeric BACs must be distinguished from composite BACs in order to derive the correct architecture of the rearranged genome. (See Fig. 1.) In this paper, we formulate the problem of tumor genome reconstruction from ESP data and propose a heuristic algorithm to solve it in the case of sparse ESP data. We then apply the algorithm to ESP data from the human MCF7 tumor genome. We derive a putative genomic architecture of MCF7, and find 22 putative rearrangements associated with tumor progression. Three of the resulting rearrangement breakpoints are supported by existing experimental evidence, and additional experiments are currently underway to verify the remaining rearrangement breakpoints. Our reconstruction also suggests additional sequencing efforts (currently underway at the UCSF Cancer Center) that are required to complete a reliable reconstruction of the tumor genome. While a recent study derived several individual rearrangement breakpoints from ESP data, this paper presents the first attempt to derive the entire tumor genome architecture from ESP data.
ESP SORTING PROBLEM
In this section, we formalize the problem of reconstruction of the architecture of the rearranged genome based on the ESP data. An ESP experiment assumes that the reference sequence, G is known, and that a BAC library for the (unknown) rearranged genome G is constructed. G is assumed to evolve from G by a series of reversals, translocations, fusions, and fissions. The ESP experimental data provides the locations in G of the BES pairs for a set of BACs from the BAC library for G . The problem is to derive the genomic architecture of the rearranged genome, G , from this data.
First, we shall formulate a simplified version of the ESP genome reconstruction problem for a unichromosomal genome G-represented by the interval [0, 1]-under the assumption that there are no chimeric BACs in the BAC library. Since the length of BAC end sequences-usually 500-700 nucleotides-is small at the genome-scale, we represent a BES as a point in G. A BAC corresponds to a BES pair (x, y) ∈ G × G, where we order the BES's in the pair such that x < y. We fix a constant L, which is the maximum insert length of a BAC in the library. We say that a BES pair (x, y) is valid if y − x ≤ L, and invalid otherwise. BES pairs of most BACs form valid pairs while BES pairs of composite BACs typically form invalid pairs (Fig. 1 ).
For each s, t ∈ [0, 1] with s < t , we define the reversal
A sequence of genome rearrangements that transforms G into G also transforms the BES positions correspondingly. In particular, the invalid pair (x, y) in G × G may be transformed into the valid pair (ρx, ρy) in the rearranged genome G = ρG, where ρ = ρ s 1 ,t 1 · · · ρ s k ,t k denotes a series of reversals. Since all BES pairs in the rearranged genome G are valid (under our assumption that there are no chimeric BACs in the BAC library), the rearrangement scenario G → G can be viewed as the process of elimination of invalid BES pairs. Figure 2 shows an example of the simplified ESP data, and two reversals that make all BES pairs valid. We remark that for a given set of BES pairs, a rearranged genome with all BES pairs valid is not necessarily unique (Fig. 2b) .
With this framework, we consider the following problem.
One can always sort n BES pairs with at most n reversals by bringing elements (x i , y i ) within distance smaller than L in every step. In order to solve the ESP Sorting Problem with fewer than n reversals, one has to use some reversals that eliminate more than one 5. × 10 8
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(a) invalid BES pair in a single step. We say that BES pairs
It is easy to see that if (x 1 , y 1 ) and (x 2 , y 2 ) are invalid BES pairs and there exists ρ = ρ s,t such that (ρx 1 , ρy 1 ) and (ρx 2 , ρy 2 ) are valid, then (x 1 , y 1 ) and (x 2 , y 2 ) and correlated. The converse is also true is certain cases, and one can construct examples of chains of correlated pairs. Our heuristic approach to analyzing MCF7 data is based on the observation that composite BACs sharing rearrangement breakpoints for the same reversals/translocations typically produce correlated BES pairs. † If an ESP project has a high BAC coverage, most pairs of rearrangement breakpoints are covered by two or more BACs, providing the possibility to recover pairs of breakpoints that describe all (or almost all) individual rearrangements. However, information about pairs of 'correlated' breakpoints is not sufficient for reconstruction of genomic architecture. For example, a correlated pair † At the time of writing this paper, the complexity status of the ESP Sorting Problem remains unknown. However, the sparse nature of the existing ESP data allowed us to come up with a heuristic that works well and leads to provably optimal solutions for existing ESP data. At the same time, our heuristic approach might fail in the case of ESP experiments with tens/hundreds of thousands of BACs, and more rearranged genomes than MCF7.
of breakpoints residing on different chromosomes could arise from two possible translocations. Below, we describe how the oriented ESP data help to resolve the genome reconstruction problem.
ESP GENOME RECONSTRUCTION PROBLEM Our focus in this paper is the analysis of the MCF7 tumor genome, and consequently we extend the above simple formulation of the ESP Sorting Problem to take into account the following features of real ESP datasets:
1. G is a multichromosomal, rather than unichromosomal genome. 2. In addition to reversals, the set of genome rearrangements includes (frequent) translocations, and (less frequent) fissions and fusions. 3. Each BES possesses an orientation, which corresponds to the strand (plus or minus) where the BES is mapped. BAC end sequencing produces 'convergent' BES pairs in G with opposite orientations, i.e. elements of a BES pair come from opposite strands and are directed towards each other.
To reflect the orientation of BES's, we assign plus and minus signs to each element of a BES pair. When a BES is matched to the reference genome, the match may occur either on the positive or negative strand. A BES whose match is on the positive (resp. negative) strand is given a positive (resp. negative) orientation. The orientations of BES has important consequences for the genome reconstruction problem, since they eliminate the ambiguities in deriving translocations from the set of correlated breakpoints and allow a reliable reconstruction of the architecture of the rearranged genome. Although single rearrangements in tumor genomes were analyzed in depth by different groups in the past, the possibility of the reconstruction of the entire tumor genome escaped the attention of previous researchers.
We represent a BES position as either +x or −x, depending on its orientation. The typical non-composite BAC has BES pair (+x, −y), where |y| ≈ |x| + L, reflecting the fact that the corresponding read pairs have opposite and converging directions. Every BES pair (x, y) in ESP data possesses one of four possible orientations:
We concatenate chromosomes in the multichromosomal genome G into a virtual unichromosomal genomerepresented by the interval [0, 1], and we define the distance between positions x and y in the resulting concatenate by
if x and y lie on the same chromosome, ∞, otherwise.
The distance between elements x and y of BES pair (x, y) is now defined as d(x, y).
For positions s and t in G with s < t, a reversal ρ s,t acts on a (signed) position x as follows:
This transformation is similar to the transformation described in the previous section for unsigned x, with the only difference being that we now take into account that reversals also flip the signs of oriented positions. This operation describes reversals ρ s,t and does not cover translocations, fusions, and fissions. However, translocations, fissions, and fusions can be modelled as reversals in the concatenated genome (Hannenhalli and Pevzner, 1995) . This reduction of a multichromosomal genome to a unichromosomal genome has to be done carefully since it restricts some types of rearrangements. To address this issue we allow an entire chromosome to be flipped 'for free' in our approach to the ESP Genome Reconstruction Problem. Since the number of putative rearrangements in our scenario is relatively small, we can afford flipping and rearranging the chromosomes in a concatenate when necessary. For the sake of simplicity, below we assume that the concatenate is fixed.
Since the experimental protocol of end sequencing uses primers from opposite DNA strands, our definition of valid BES pairs now must include the requirement that the orientations of the elements in the pair are opposite and convergent. An oriented BES pair (x, y) is valid if |y| − |x| ≤ L, x > 0 and y < 0, (i.e. sign(x) = '+', and sign(y) = '−'.) Using this framework, we consider the following problem.
ESP GENOME RECONSTRUCTION PROBLEM. Given a set of oriented BES pairs generated by an ESP experiment, identify composite BES pairs (x 1 , y 1 ) , . . . , (x n , y n ) in this set, and find the minimum number of rearrange- ρy 1 ) , . . . , (ρx n , ρy n ) are valid pairs.
We illustrate the importance of the orientations of the BES pairs for genome reconstruction with an example. Consider two correlated invalid BES pairs whose ends lie on different chromosomes. Such a configuration suggests a translocation ρ with breakpoints near the ends of the BES pairs (Fig. 3a) . However, the locations of the breakpoints of such a translocation relative to the BES pairs is not known. Furthermore, the locations of the breakpoints of this translocation are not sufficient to determine the translocation uniquely. Because of these ambiguities we cannot infer the order of segments in the rearranged genome solely from the locations of the BES pairs. The simple, but important insight is that the orientations of the BES pairs in the cluster determine the appropriate translocation (Fig. 3b) . Hence, to derive a plausible reconstruction of the architecture of the rearranged genome, it is essential to consider the orientations of the BES pairs.
IDENTIFYING COMPOSITE BES PAIRS
The technique that we use to separate chimeric and composite BACs is similar in spirit to the technique used in DNA sequencing to detect chimeric reads (Pevzner et al., 2001) . Chimeric reads plague every DNA sequencing project and all existing fragment assembly tools detect and remove chimeric reads. These algorithms are based on the assumption that chimeric reads typically combine two 'random' segments of DNA and therefore different chimeric reads rarely use DNA from closely located genomic regions. Similarly, distinct chimeric BACs rarely use DNA material from closely located genomic regions. On the other hand, composite BACs containing the same rearrangement breakpoint often come in clusters that use DNA from closely located genomic regions. Figure 1 illustrates that while most BES pairs (x, y) lie in a band of width L around the diagonal (valid BES pairs), there are also many invalid BES pairs arising from either chimeric or composite BACs.
‡ Many of the invalid ‡ Since L is small on the genome scale, valid BES pairs in Figure 1 appear BES pairs (red points in Fig. 1 ) are isolated; i.e. there is no other BES pair within distance 2L from them. However, a small number of BES pairs form clusters (blue points in Fig. 1 ). Every blue point corresponds to a cluster of correlated BES pairs, as shown in the expanded view (Fig. 1b and c) . We define the distance between BES pairs (x 1 , y 1 ) and (x 2 , y 2 ) as d (x 1 , x 2 ) + d(y 1 , y 2 ) . Given a set of BES pairs, we say that BES pair (x, y) is isolated if its distance from all other BES pairs in the set is larger than 2L. With the ESP data alone, it is difficult to determine whether isolated invalid pairs arise from composite BACs or chimeric BACs, particularly in the case of low BAC coverage. We will assume that isolated BES pairs arise from chimeric BACs. With this assumption, we may incorrectly classify some composite BACs as chimeric, but such misclassification errors decrease as the BAC coverage increases. However, our chance of classifying a chimeric BAC as composite is extremely small. Hence, we identify composite BACs by removing all isolated invalid BES pairs (chimeric BACs), and combining the remaining invalid BES pairs into clusters, where the BES pairs in each cluster are pairwise correlated (putative composite BACs).
ESP GENOME RECONSTRUCTION APPROACH
Following filtering of isolated invalid BES pairs, we are left with K clusters C 1 , . . . , C K of invalid BES pairs. The problem now is to find the minimum number of rearrangements ρ 1 , . . . , ρ k such that if ρ = ρ 1 · · · ρ k then (ρx, ρy) is a valid BES pair for all (x, y) ∈ C 1 ∪ · · · ∪ C K . In this section, we present a heuristic approach to this problem that works well with existing sparse ESP datasets. This approach uses the locations and orientations of the BES pairs in the clusters to both define a set of 'synteny blocks' in the reference genome G, and determine the order of these blocks in the rearranged genome G .
One might consider the following naive approach to the ESP Genome Reconstruction Problem: for each cluster C i , find a rearrangement ρ i that transforms all invalid pairs in C i into valid pairs. Such a rearrangement does not always exist. However, even if such a rearrangement exists, the naive approach is unlikely to lead to a correct reconstruction of G , except in the special case of 'nonoverlapping' rearrangements. The reason that the naive approach fails is because the architecture of G depends on the order in which the rearrangements are performed. Consequently, the genomic architecture obtained by this naive approach will depend on the order in which we deto be positioned exactly on the diagonal, rather than within a band of width 2L.
fine rearrangements from the clusters. The problem, therefore, is to determine the architecture of G solely from the clusters without knowing the order of the rearrangements. We now describe a heuristic for this problem that works well under certain reasonable assumptions.
We assume that the ESP data is sparse, i.e. no BAC contains more than one rearrangement breakpoint and each cluster results from a single rearrangement. We cannot determine this rearrangement directly from the cluster, since we do not know the order of rearrangements that produced G . However, we can use the requirement that in G all BES pairs in the cluster are valid to define the boundaries of 'synteny blocks' in G and determine how these blocks are connected in G . Specifically, for a cluster C = { (x 1 , y 1 ) (Fig. 4a) . The goal is to define s and t and to determine how the ends of the blocks A, B, and C should be connected in G in order to transform the invalid BES pairs (x 1 , y 1 ), . . . , (x m , y m ) into valid pairs in G . Additionally, we require that any valid pairs (x, y) overlapping an element of C (e.g. x < x i < y for some i) remain valid in G .
We first determine approximate locations for s and t by recalling that in order for the BES pairs in C to be valid in G , they must have opposite, convergent orientations. Consequently, each x i must be oriented toward s and each y i must be oriented toward t. This requirement determines an interval S, containing s, and an interval T containing t. Additionally, the requirement of opposite, convergent orientations also determines how the ends of the blocks A, B, and C are connected in G (Fig. 4a) . After determining intervals S and T , the requirement that valid BES pairs (x, y) must satisfy the BAC length constraint |y − x| ≤ L implies that s and t must satisfy max (x,y)∈C |x − s| + |y − t| ≤ L (Fig. 4b) . We compute the rearrangement breakpoints s ∈ S and t ∈ T that minimize the maximum length of BES pairs in G ; i.e. we solve Thus, from a cluster C, we define the boundaries of blocks A, B, and C in G, and determine how the ends of these blocks are connected in G .
The K pair of breakpoints defined from the clusters C 1 , . . . , C K divide G into 2K + 1 synteny blocks, and the clusters determine how the ends of these blocks are connected in G . The final step of the genome reconstruction is to combine this information-derived from the individual clusters-into the architecture of G . y 1 ), (x 2 , y 2 ), (x 3 , y 3 )} of invalid BES pairs. Top: The cluster C in G. In G , the elements of each pair (x i , y i ) must have opposite, convergent orientations. This requirement, and consideration of overlapping valid BES pairs (purple arcs) determine an interval S containing breakpoint s, and an interval T containing breakpoint t. Breakpoints s and t divide G into blocks A, B, C. Bottom: The orientation of BES pairs in C determine that the end of block A is connected to the end of block B in G . Similarly, the start of block B is connected to the start of block C in G . Breakpoints s and t are defined such that max (x,y) 
seven synteny blocks defined by three clusters C 1 , C 2 , C 3 . In real ESP experiments, the three reversals and the architecture of the tumor genome are unknown and the goal is to derive the architecture from the ESP data, i.e. from the clusters C 1 , C 2 , C 3 . Given synteny blocks U and V in G, we say that (U, V ) is an oriented breakpoint in G if the end of block U is connected to the start of block V in G . Clusters C 1 , C 2 , C 3 reveal three pairs of oriented breakpoints in the tumor genome (Fig. 5b) . Superimposing the three oriented breakpoint pairs (Fig. 5c ) reveals the synteny block order in the tumor genome as a simple path through the synteny blocks (Fig. 5d) .
We say that the ESP data is complete if each rearrangement breakpoint in the rearranged genome is internal to a BAC from the BAC library, i.e. there are no 'silent' rearrangements that do not disrupt any BACs. This assumption holds whenever the coverage of the end sequenced BACs is sufficiently large. When the ESP data is complete, the graph obtained from the superposition of the oriented breakpoint pairs corresponds to the breakpoint graph (Pevzner, 2000) for the signed permutation of the synteny blocks in the rearranged genome (Fig. 5e) . To transform the graph in Figure 5c into the breakpoint graph, one has to remove edges corresponding to the synteny blocks and add edges corresponding to the breakpoint regions.
The ESP genome reconstruction approach just described requires, for each cluster C, the determination of a pair of breakpoints and a connection between the ends of the synteny blocks adjacent to these breakpoints in G such that all the BES pairs in the cluster are valid in the G . For the ESP data from the MCF7 tumor genome, this is possible for 22 of the 25 clusters. In the next section, we describe the complications that arise for the remaining 3 clusters. 
RESULTS
We apply the genome reconstruction approach from the previous section to ESP data from MCF7 tumor cells generated at the University of California, San Francisco Cancer Center. The BAC library for MCF7 consists of approximately 68 000 BACs and large-scale ESP efforts are currently underway to analyze this library. While were able to derive some rearrangements from ESP data, the number of rearrangements and the genomic architecture of the tumor genome remain unknown. The ESP data (as of June 1, 2003) includes 6239 BACs with uniquely mapped BAC end sequences of roughly 500 bp.
New BES pairs continue to be sequenced and mapped, and will be incorporated into the genomic reconstruction. We use the NCBI April 2003 build of the human genome as the reference genome.
Setting L = 200 kb, we find 383 invalid BES pairs, 127 of which form 30 clusters. If these 383 invalid BES pairs were placed randomly in the human genome, the probability of a cluster of at least two BES pairs is approximately 1.3 × 10 −3 (Glaz et al., 2001) . We conclude that the 127 BES pairs in these 30 clusters are likely to represent composite BACs, and use these clusters to find the architecture of the tumor genome. However, for 15 of these 127 BES pairs (corresponding to 5 clusters), the distance between the elements of the BES pair is less than 1.2 Mb, suggesting that they correspond to potential microrearrangements that have only minor influence on the large-scale genomic architecture of the tumor genome. Microrearrangements are not widely reported in the literature on chromosomal aberrations, probably because cytogenetic techniques do not allow reliable identification of microrearrangements. However, it is premature to claim that microrearrangements are frequent in tumor cells from this data, since some of these microrearrangements may be caused by assembly errors.
We applied our ESP genome reconstruction approach to the remaining 25 clusters, which contain 112 invalid BES pairs. For 3 of the 25 clusters, we were unable to find a rearrangement that transforms all BES pairs in the cluster into valid pairs (see below). Table 1 (supplementary information) lists the derived locations of the breakpoints for the remaining 22 clusters. The cytogenetic locations of 3 breakpoint pairs correspond to previously observed chromosomal aberrations in tumors using FISH and SKY . Many of the breakpoints lie in regions 3p14, 17q23, and 20q12-13, and there is experimental evidence that these regions are duplicated several times in the MCF7 genome (Bärlund et al., 2002; Volik et al., 2003) .
We suspect that the difficulty with the 3 clusters that we failed to resolve arises from extensive duplications in the tumor genome. Indeed, all of these unresolved clusters contain BES pairs from the duplicated region 20q12-20q13. This region is particularly prominent with the current ESP dataset because the end-sequenced BACs were enriched for BACs from this region, using specific BAC selection protocols . In duplicated regions, our assumption of sparse data may be violated, and our algorithm requires modifications to handle this case. We expect that multiple pairs of breakpoints from different instances of the duplicated region in the tumor genome will map to the same cluster of BES pairs from this region. Unfortunately, the low coverage of the current ESP data does not permit us to resolve multiple breakpoints in the duplicated regions.
From our genome reconstruction approach, we obtain a putative reconstruction of the MCF7 tumor genome (Fig. 6) . We emphasize that it is a preliminary reconstruction that does not include microrearrangements and is likely to miss some rearrangements: either due to low coverage of existing ESP data, or due to complications with deletions/duplications. In fact, the reconstruction of the MCF7 genome that we obtain excludes 5 synteny blocks of total length 27 Mb, suggesting that the ESP data is not complete. While deletions can explain the exclusion of these blocks, more likely 'silent' rearrangements with breakpoints inside these blocks are the cause. The locations of these blocks in the human genome suggest which additional ESP experiments will be necessary to incorporate these blocks into the MCF7 genome reconstruction.
We remark that both the ESP Sorting Problem and the ESP Genome Reconstruction Problem become rather difficult in the presence of duplicated regions, and the ultimate explanation for the unresolved clusters in the MCF7 dataset will be provided by rather time-consuming BAC resequencing efforts.
FUTURE DIRECTIONS
Our analysis of the MCF7 genome yields the first highresolution (albeit incomplete) picture of the genomic architecture of a complex tumor genome. We expect that this picture will further improve as the number of mapped BES pairs increases. However, even with the current dataset, we have strong evidence of 19 previously unknown rearrangements. The experiments to verify the corresponding breakpoint pairs are currently underway. See Raphael et al. (2003) for further details. In addition, some BACs that contain putative rearrangement breakpoints are being fully sequenced to determine the exact breakpoint locations. Our results will provide assistance in guiding the resequencing effort.
Duplications and deletions appear to be common events in the progression of tumor genomes. One mechanism of duplication is the enlargement of repetitive sequences (microsatellites) due to defects in mismatch repair genes in tumors (Fishel et al., 1993; Ionov et al., 1993) . In the ESP dataset from the MCF7 tumor, there is strong evidence to suggest both duplications and deletions. We intend to include duplications and deletions in the framework of the ESP Genome Reconstruction Problem, to extend our algorithm to the case of non-sparse data, and to study further the complexity of the ESP Sorting Problem.
While our reconstruction of the MCF7 tumor genome is preliminary, a more complete reconstruction may shed light on certain questions about genome evolution, such as the genomic distribution of rearrangement breakpoints associated with cancer, and the correlation/independence of cancer breakpoints and 'evolutionary' breakpoints. Sankoff et al. (2002) demonstrate that for a number of clinically determined rearrangements in human cancers from the database of Mitelman et al. (2003) , the breakpoints tend to be clustered in the medians of the chromosomal arms. However, they remark that it is unclear if this observation a genuine biological phenomenon or a result of bias in the data collection. Some researchers hypothesize that the breakpoints of cancer rearrangements are clustered at 'fragile' sites in the genome (Smith et al., 1998; Miró et al., 1987) . Dunham et al. (2002) recently observed a similar clustering of breakpoints in genome rearrangements of Saccharomyces cerevisiae that were subjected to various selective pressures in the laboratory. A more complete reconstruction of the entire architecture of the MCF7 genome may contribute to the understanding of the distribution of cancer breakpoints. Nadeau and Taylor (1984) proposed that the breakpoints of evolutionary rearrangements are randomly distributed across the human genome. The breakpoint distributions in comparative maps of human and mouse support this hypothesis (Sankoff et al., 2002 (Sankoff et al., , 1997 . On the other hand, comparisons of the recently available whole genome sequences of human and mouse suggest that breakpoints of evolutionary rearrangements are clustered (Pevzner and Tesler, 2003b) . Once we obtain an accurate reconstruction of the MCF7 tumor genome, we will examine whether the locations of MCF7 breakpoints are correlated with the breakpoints in the human-mouse genomes. As a first step, we examined the 22 breakpoints that we derived in the MCF7 genome with those in the human-mouse genome comparisons. Some of the tumor breakpoints fall inside or close to the human-mouse breakpoint regions. However, with the small number of MCF7 breakpoints, it remains to be seen whether this is a real or chance correlation, and further investigation is required.
